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Abstract This study shows that intramolecular hydrogen bond-
ing in proteins depends on the accessibility of donors and ac-
ceptors to water molecules. The frequency of occurrence of
H-bonded side chains in proteins is inversely proportional to
the solvent accessibility of their donors and acceptors. Estimates
of the notional free energy of hydrogen bonding suggest that
intramolecular hydrogen-bonding interactions of buried and
half-buried donors and acceptors can contribute favorably to
the stability of a protein, whereas those of solvent-exposed polar
atoms become less favorable or unfavorable.
 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Hydrogen-bonding and hydrophobic interactions are the
most important driving forces in protein folding, however,
the extent to which hydrogen bonds stabilize the folded states
of proteins is a contentious issue. On the one hand, hydrogen
bonding appears to contribute nothing to protein stability,
since protein donors and acceptors swap partners between
solvent and protein upon folding, maintaining a similar num-
ber of hydrogen bonds in the folded and unfolded states. On
the other hand, recent experimental studies and theoretical
estimates show that the free energy of interaction varies
from 30.4 to 32.0 kcal/mol and higher favoring intramolec-
ular hydrogen bonding [1^6]. Mutational studies of salt
bridges (in many salt bridges the partners form concomitant
hydrogen bonds) have also given contradictory results. Sol-
vent-exposed salt bridges contribute only marginally to pro-
tein stability [7,8], half-buried salt bridges are estimated to be
favorable [9], whereas buried salt bridges can be stabilizing
[10] or destabilizing [11].
The features of hydrogen bonding in proteins observed in
this paper can help to explain some of these contradictory
results. We have found that the fraction of H-bonded side
chains in proteins is inversely proportional to the solvent ac-
cessibility of their donors and/or acceptors. This enables us to
conclude that intramolecular hydrogen bonding is favorable
for buried and half-buried donors and acceptors and becomes
less favorable or even unfavorable for solvent-exposed polar
atoms.
2. Materials and methods
For this study, a data set of 88 non-homologous protein crystal
structures determined at 2.0 A; resolution or better was used (for
multimeric proteins, only one chain was taken into account): 1aew,
1aii, 1aq6(A), 1aw7, 1ax1, 1b4f(A), 1bea, 1bis(A), 1bsl(A), 1elp(A),
1enc, 1fkh, 1gpo(L), 1hle(A), 1ihb(A), 1kvw, 1l99, 1lou, 1lts(D),
1mjw(A), 1opc, 1ova(A), 1swo(A), 1tfg, 1ydc, 2trh(A), 2psp(A),
1be0, 1hrd(A), 1ifb, 1f3z, 1a64(A), 1a6q, 1isu(A), 2ctb, 5cha(A),
9pap, 1msi, 1qau, 1bxa, 1dcs, 1fus, 1plc, 1bsm(A), 1rhs, 1ppt, 1thm,
1nxb, 1rdg, 1st3, 1xyz(A), 2phy, 1bgf, 2end, 1g3p, 1xnb, 1a2p(A),
1aap, 1agi, 1ah7, 1brt, 1crn, 1edm(B), 1ezm, 1hka, 1koe, 1mla,
1noa, 1opd, 1pmy, 1une, 1whi, 2end, 2ovo, 2pkc, 1dpt(A), 1orc,
1hta, 1lit, 1a3h, 1akz, 1btk(A), 1cvl, 1scs, 1ris, 1bxy(A), 1bxe, 1rss.
Accessible surface areas for individual donors and acceptors in
protein crystal structures were determined using the WHAT_IF server
at http://www.cmbi.kun.nl/gv/servers/WIWWWI/. Hydrogen bonds
were identi¢ed using the WHAT_IF server’s ‘Optimal Hydrogen
Bonding Network’. Criteria for H-bonding and geometrical parame-
ters of H-bonds used in this program are described in detail in [12]. It
should be noted that WHAT_IF deals with H-bond lengths less than
3.5 A; .
The process of formation of an intramolecular hydrogen bond can
be represented as
DHTW1 þW2TAX3DHTAXþW1TW2 ð1Þ
where D^H and A^X are protein donor and acceptor groups, respec-
tively, and W1;2 are two water molecules. If strong competition of
water in hydrogen bonding takes place (e.g. in aqueous surroundings),
the reaction can proceed to the left. If the hydrogen bond between
D^H and A^X groups is not or partly accessible to water molecules,
the reaction can proceed to the right. So the accessible surface area of
donors and acceptors can be used as the ‘e¡ective concentration’ of
water in hydrogen bonding.
In the present study, the e¡ect of solvent accessibility of donors and
acceptors on hydrogen bonding between them is considered. The anal-
ysis focuses on the intramolecular hydrogen bonds formed by donors
and acceptors of polar side chains. These are predominantly two types
of H-bonds, side chain to side chain and side chain to main chain,
apart from the intermolecular hydrogen bonds of any type (e.g. inter-
chain hydrogen bonds, hydrogen bonds with water and cofactors)
because these are competitive interactions. Donors and acceptors of
side chains are considered to be H-bonded if each of them forms at
least one intramolecular hydrogen bond. Those which do not form
intramolecular H-bonds are considered ‘non-H-bonded’, although
they can participate in hydrogen bonding with water or cofactors. It
should be noted that most proteins in the data set do not contain
cofactors and some of them have small cofactors that form only a few
hydrogen bonds with side chains.
The formation of hydrogen bonds between CO and NH groups of
the main chain is a more complex process because K-helices and
L-sheets are cooperative systems. In extended hydrogen-bonded struc-
tures, a di¡erence is often found between the ease of formation of the
¢rst hydrogen-bonded structural unit and the subsequent ones [13].
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The in£uence of water on the hydrogen bonding of main-chain polar
atoms may di¡er from that of side chains, so the analysis of the
behavior of main-chain donors and acceptors will be described else-
where.
3. Results and discussion
We include here data for ¢ve side-chain donors (these are
atoms of Gln(NE2), Asn(ND2), Lys(NZ), Arg(NE) and
Arg(NH1,2); see Fig. 1) and four side-chain acceptors (these
are atoms of Glu(OE1,2), Asp(OD1,2), Gln(OE1) and As-
n(OD1); see Fig. 2). Side-chain oxygen atoms of Thr(OG1),
Ser(OG) and Tyr(OH) can be both donors and acceptors, so
they have been analyzed separately (Fig. 3). A total of 4612
H-bonded and 5682 non-H-bonded donors and acceptors of
side chains have been identi¢ed and used for the analysis.
The histograms presented in Figs. 1^3 show the number of
H-bonded and non-H-bonded donors and acceptors in the
database as a function of their accessibility to water mole-
cules. It can be seen that in all cases the pro¢les of the fre-
quency of occurrence of the H-bonded donors and acceptors
decrease from left to right, whereas those of the non-H-
bonded donors and acceptors increase. The curves below the
histograms show that the fractions of the H-bonded donors
and acceptors also decrease from left to right in all cases. One
may conclude that the lower the solvent accessibility of side-
chain donors and acceptors, the higher the probability of
formation of hydrogen bonds, and vice versa.
The observed data suggest that there is a strong competi-
tion of water in hydrogen bonding, and the formation of
intramolecular hydrogen bonds involving donors and/or ac-
ceptors with solvent accessibility higher than 40^50% becomes
less favorable or unfavorable. On the other hand, the data
suggest that the burial of hydrogen bonds is favorable. Ap-
parently, this is because of both the gain in enthalpy arising
from the lower dielectric ‘constant’ of the protein interior and
Fig. 1. A: Frequency of occurrence of H-bonded (positive values) and non-H-bonded (negative values) donors (atoms of Gln(NE2), Asn(ND2),
Lys(NZ), Arg(NE) and Arg(NH1,2)) in the database versus their accessibility to water molecules. B: Fraction of the H-bonded donors in the
database as a function of their solvent accessibility.
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the lacking or small competitive hydrogen bonding with water
molecules. Qualitatively, our results are in agreement with the
estimates of Scheraga and his colleagues [13]. For buried polar
groups, the enthalpy of formation of the hydrogen bond was
estimated to be 36.0 kcal/mol, but for groups exposed to
water the value was estimated to be 31.5 kcal/mol; the cor-
responding values of the free energy were estimated to be
34.5 to 35.0 kcal/mol and 0 to 30.6 kcal/mol, respectively
[13].
In order to estimate the notional free energy of hydrogen
bonding, vGHb, we used the approach proposed by Miller et
al. [14] for calculation of surface^interior partition coe⁄cients
and free energies of transfer of di¡erent residues:
vGHb ¼ 3RT ln f ASA ð2Þ
where RTW0.6 kcal/mol at room temperature and fASA is the
partition coe⁄cient at a ¢xed accessible surface area (ASA) of
a polar atom. In the ¢rst approximation, the e¡ective parti-
tion coe⁄cient can be calculated as the ratio NH-bonded/
Nnon-H-bonded of the number of H-bonded to non-H-bonded
donors or acceptors of a given type at a ¢xed solvent acces-
sibility.
In a simple way, partition coe⁄cients can be calculated
from the fraction of H-bonded donors and acceptors. For
example, at ASA9 10% the fraction of the H-bonded donors
in Fig. 1B ranges from V80% (Arg(NE)) to 99% (Lys(NZ)),
so f010 ranges from 80/20 = 4 to 99/1= 99. In accordance with
Eq. 2, the notional free energy ranges from 30.8 kcal/mol to
32.8 kcal/mol. Taking into account that atom NE of Arg
usually forms one hydrogen bond and buried atom NZ of
Lys can form three H-bonds, the free energy of formation
of one intramolecular hydrogen bond by these donors is esti-
mated to vary from 30.7 to 30.8 kcal/mol at a solvent acces-
sibility less than 10%. Calculations for Tyr, Thr and Ser give
vGHb values of 30.6, 31.4 and 31.2 kcal/mol, respectively.
Taking into account that atom OH of Tyr usually forms one
hydrogen bond (see, e.g. [15]) and buried OG atoms of Thr
and Ser form on average 1.7 and 1.5 hydrogen bonds (derived
Fig. 2. A: Frequency of occurrence of H-bonded (positive values) and non-H-bonded (negative values) acceptors (atoms of Gln(OE1), Asn-
(OD1), Glu(OE1,2) and Asp(OD1,2)) in the database versus their accessibility. B: Fraction of the H-bonded acceptors in the database as a
function of their solvent accessibility.
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from the data presented in [16]), the free energy of formation
of one H-bond is estimated to be 30.6 kcal/mol for Tyr and
about 30.8 kcal/mol for Thr and Ser at accessibility of their
oxygen atoms less than 10%. Similar estimates for the donors
and acceptors of Asn, Asp, Gln and Glu give the values of
30.5 to 30.6 kcal/mol for one hydrogen bond. It should be
noted that our estimates of the notional free energy of hydro-
gen bonding are in good agreement with recent theoretical
estimates (the corrected v(vG) = 2.3T 1.1 kcal/mol for buried
polar groups and 2.0T 1.2 kcal/mol for half-buried and ex-
posed polar groups [4]) and recent experimental data (the
free energy of interaction varies from 30.4 to 32.0 kcal/mol
[1^6,9]). All this demonstrates that intramolecular hydrogen-
bonding interactions of buried and half-buried donors and
acceptors of polar side chains can contribute favorably to
the stability of a protein molecule.
In accordance with Eq. 2, there is a correlation between the
fraction of the H-bonded donors and acceptors and their no-
tional free energy of hydrogen bonding. As seen in Figs. 1^3,
the fraction of H-bonded donors and acceptors decreases
from left to right. When its value becomes equal to 50%,
vGHb = 0. In most cases, this is observed at an accessibility
of 30^50%. At higher accessibility of the donors and accep-
tors, the intramolecular hydrogen bonding is unfavorable.
It can be calculated that the accessibility of about 70% of
the donors and acceptors participating in intramolecular hy-
drogen bonding is less than 30%. The observation that buried
polar groups in proteins are almost invariably hydrogen-
bonded is well known [17^19] (see also [14^16]). One reason
for this is that buried polar groups should satisfy their hydro-
gen-bonding potential. On the other hand, the data presented
here suggest that the burial of hydrogen bonds is favorable. It
seems very likely that proteins fold so as to form as many
buried hydrogen bonds as possible.
Fig. 3. A: Frequency of occurrence of H-bonded (positive values) and non-H-bonded (negative values) side-chain oxygens of Thr(OG1), Ser-
(OG) and Tyr(OH) in the database versus their accessibility. B: Fraction of the H-bonded oxygen atoms as a function of their solvent accessi-
bility.
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